Inconel Alloy 718 super alloy was machined using abrasive water jet (AWJ) in this study. Following the cutting process, average surface roughness (Ra µm) and material removal rate (MRR) were investigated and operating parameters were optimized using Taguchi method. Among the machining parameters were pump pressure (PP) (200, 350 MPa), nozzle feed rate (NFR) (5, 105 and 205 mm/min); abrasive flow rate (AFR) (50, 200 and 350 g/min); spindle speed (SS) (25, 50 and 75 RPM) and standoff distance (SOD) (2, 8 and 14 mm). Taguchi L18 (21 x34) orthogonal factorial experiment organization is adopted as experiment design. The effect of parameters on Ra and depth of cut (DoC) was investigated statistically using the outcomes of the variance analysis and S/N rates. As a result of the empirical studies, PP proved to have the highest effect on Ra by 42.35%. On the other hand, NFR proved to have the highest effect on DoC by 72.85%. Increasing SS has improved Ra value while increasing DoC.
INTRODUCTION
Abrasive water jet (AWJ) is a promising method (Lima et al., 2016 Ay et al., 2013; Field, 968) for cutting materials as is offers advantages such as absence of thermal influence and a wide area of use including materials with high thickness (Lima et al., 2016 Taguchi, 1986) . It is possible to cut a wider variety of materials using AWJ (Lima et al., 2016) when compared to other conventional cutting methods. Among these, materials are polymers, composites, ornamental rocks, glass, etc. (Kivak et al., 2012 , Çaydaş & Ay, 2016 . Many industrial applications today consider abrasive water jet (AWJ) as one of the most promising material processing techniques with a highlight to its versatility. However, the literature provides insufficient information on multiphase flow properties of abrasive water jet at high and ultra-high jet pressures. Fluid dynamics of abrasive water jet has an immediate impact on the processing quality as it directly affects the workpiece and abrasive particles must be considered as one of the contributors to the surface roughness outcome.
Today, many industries adopt AWJ cutting as it allows processing of several types of material with a low thermal influence during the process (Kivak et al., 2012; Çaydaş & Ay, 2016) . The gemstone industry is one of these industries, which increasingly use AWJ as it optimizes the use of material when compared to the conventional cutting methods while being ideal for the industrial needs of cutting flexibility (Kivak et al., 2012; . Surface integrity determines the type of processes to be applied to the workpiece and is an important selection criterion in any kind of machined product. Surface integrity is defined as the changes in the material following the machining process, which may include surface and subsurface alterations in the given material. Peck drilling is one of the important machining processes available in the space industries (Kivak et al., 2012b) . Research on the machining of Inconel 718 alloy mostly involves cutting and milling operations while the literature on the abrasive water jet cutting is restricted (Lima et al., 2016; (Lima et al., 2016; Kivak et al., 2012; Ay et al., 2010) . Super alloys offer excellent creep strength and tensile strength with better corrosion and oxidation resistance (Kivak, 2012) . Among these alloys are iron-based chromium and nickel alloys, iron-nickel, chromium-cobalt alloys, carbide reinforced cobalt based alloys, solid solution reinforced nickel based alloys (Kivak, 2012) , deposition and distribution reinforced nickel based alloys (Kivak, 2012 , Yıldız et al., 2014 . Several new alloys were developed with different operating temperatures in the recent years (Kivak, 2012; . One of the most important alloys is the Inconel 718 super alloys (Ay et al., 2010) . This alloy has a polycrystalline and coaxial microstructure (Kivak, 2012 . As it offers excellent mechanical properties for low and average temperatures ((-250) -(700) ºC) it has recently been increasingly used in space (Kivak, 2012 , Yıldız et al., 2014 , petroleum and nuclear energy industries (Kivak, 2012 . During the machining process of Inconel 718 (Kivak, 2012) , tool temperature easily increases due to the low thermal conductivity of this material. As a result of the higher toughness level of the material, shavings formation proves challenging during the machining process (Ay, 2010; Özay et al., 2016; Savaş et al., 2016) . As the manufacturing cost of this material is relatively high, any fault during the machining process may lead to serious monetary losses (Ay et al., 2010; Lima et al., 2016; Bhattacharya et al., 1983; Özay et al., 2016; Savaş et al., 2016) .
This study involves longitudinally machining of Inconel Alloy 718 steel with abrasive water jet using machining parameters of NFR, AFR, SS, SOD and PP. The impact of machining parameters on Ra and DoC was investigated. Taguchi method was used for experimental setting and experimental data was analyzed using ANOVA.
MATERIAL AND METHOD
Materials with a special area of use in the industry, Inconel Alloy 718 of Ø 30x240 mm in size were used for the experiments. Inconel Alloy 718 is a nickel-chromium alloy, which is prone to precipitation hardening, and it consists of high amounts of iron, niobium, and molybdenum and a small amount of aluminum and titanium. This combination offers higher corrosion resistance and higher strength while being ideal for welding with its excellent weld crack resistance. The alloy provides excellent creep and tensile strength up to 700°C (Kivak et al. 2012 . It is possible to use this alloy for gas turbines, rocket engines, nuclear reactors, pump and tool manufacturing, etc. Chemical composition of the work piece is shown in Table 1 , while its mechanical properties are shown in Table 2 (Kivak et al. 2012b ). Taguchi method is a well-known technique providing a systematic and efficient approach to process optimization and is a strong tool for high quality systems design (Kivak et al. 2012) . In this study, the minimum Ra value will be considered the best performance. Smaller is better S/N characteristic was adopted in the analyses for the smallest value of Ra. On the other hand, larger is better S/N function used for the highest material cutting value. S/N ratio equations used in the analyses are shown below. First and second equations involve η Signal/Noise ratio; yi the experimental measure numbered i, n the number of test.
Smaller is better:
Larger is better:
The acceptable significance level for ANOVA analysis in this study was set at a P value equal to 95% (σ = 0.05). Taguchi L18 (21 x34) orthogonal array design was generated for the factors (Table 3 and Table 4 ) in order to be able to see the influences of the parameters and experimental study was performed. Minitab 17 experimental design software was used for experiment setup, optimization and variance analyses. All the experiments involved 120 Mesh Garnet type abrasive material and the nozzle diameter was fixed at 0.75mm. A CNC abrasive water jet lathe with a pump pressure of 415 MPa was used in this study. Surface measurements were conducted using "Mitutoyo" SJ-301 surface roughness measurement device. Only the average surface roughness (Ra) values were taken into consideration during the roughness measurements. Ra values were taken from four points located in the mid part of the work piece. DoC measurements were conducted on the surface of the material using a digital compass following each machining process and difference calculations were conducted using the diameter measurements recorded before the machining process. The parameters used in the volume calculation with regards to the equation 3 are as follows; Di i pre-cutting diameter, Di+1: post-cutting diameter, h: longitudinal turning distance.
This study used a turning lathe setup which operated underwater with a maximum sound level of 85 dB developed in order to be used in abrasive water jet machining (Figure 1) . Fig. 1 . A schematic and prototype view of the developed turning mechanism.
EXPERIMENTAL RESULTS

Effect of process parameters on the Ra
Average Ra values obtained from the AWJ process and S/N ratios calculated according to Equation 1 are shown in Table 4 . Average S/N ratios calculated for each level of parameters in order to find the optimum parameters are shown in Table 5 . The rankings available in Table 5 shows the importance of the impact of that parameter on Ra. PP, NFR, AFR, SS and SOD, respectively, were found to have the highest effect on Ra according to their Rankings. The highest value of S/N ratio obtained for each parameter stands for the best performance result (lowest Ra value). In this respect, the test configuration established for optimum Ra included the following values in accordance with the graphical display of the S/N ratios shown in Influence levels of the parameters on Ra are evaluated using ANOVA analysis and the results are shown in Table 6 . PP is found to be the most effective factor on Ra by 42.37% as shown in the percentages available in ANOVA Table. The second most effective factor, on the other hand, was NFR (26.16%). A growing number of spiral trails on the work piece as NFR was increased resulted in increased Ra value. The second parameter following NFR, which has an impact on Ra was AFR (11.38%). It was found that the average surface roughness is directly proportional to AFR and that increasing AFR provides a more homogeneous and more rigid cutting tool with abrasive water jet obtained.
Effect of process parameters on the DoC
DoC measurement results of the machined surfaces tested in the experimental combinations developed according to the L18 experiment setup and S/N ratios calculated according to Equation 2 are shown in Table 7 . Average S/N ratios calculated for each level of parameters are shown in Table 8 . NFR, AFR, and SS, respectively, were found to have the highest effect on DoC according to their Rankings available in Table 8 . Accordingly, the test configuration established for maximum DoC included the following values in accordance with the graphical display of the S/N ratios shown in Fig. 4 . SOD: 14 mm, NFR: 5 mm/min, AFR: 450 g/min, SS: 75 RPM and PP: 350 MPa. 
Fig. 2. The main effects of the parameters on the DoC
Influence levels of the parameters on DoC are evaluated using ANOVA analysis and the results are shown in Table 9 . NFR is found to be the most effective factor on DoC by 72.85% as shown in the percentages available in ANOVA Table. Erosion is increased and therefore DoC value is increased when the AFR is increased. The results obtained are compatible with the literature (Ansari & Hashish, 1995) . In their study, Hashish and Ansari reported that increasing AFR also increases the DoC value (Escobar et al., 2012) . The parameter of SS, whether it has a rather low effect on DoC by 2.25%, has a significant effect according to its pvalue. The effect of erosion caused by the abrasive jet contacting the surface of the work piece increases with the increasing spindle speed. Thus, increasing spindle speed also increases DoC value. DoC value is an important manufacturing parameter in terms of reduced production time and reduced operating costs. While the material removal process using classic turning methods involves several passes, AWJ turning process is able to remove material in a single pass. Therefore, it is possible to reduce the machining time and operation costs with an economic material removal process when the DoC value is increased. The results obtained are compatible with the literature (Kartal, 2016) . 
CONCLUSIONS
The Findings of this study are summarized as follows:
All of these parameters were found to be statistically significant for the machinability of Inconel Alloy 718 using AWJ (all pvalues < 0.05).PP is found to be the most effective factor on Ra (42,37%) which is followed by NFR (% 26.16) and AFR (% 11.38) as shown in the percentages available in ANOVA Table. NFR is found to be the most effective factor on DoC (72.85%) which is followed by AFR (% 16.43) and SS (% 2.25) as shown in the percentages available in ANOVA Table. R2 values for Ra and DoC were calculated to be 96.8% and 96.1%, respectively. High level of material removal is possible with the AWJT process in a single pass without any production defects. This method is advantageous when compared to classical methods in terms of machining duration. It was possible to observe the level of effects of parameters and their results since the parameters selected was tested for low, medium and high levels. The difference between calculated and estimated Ra was found to be 13.50%, while the difference between calculated and estimated DoC was found to be 13.32%. It was found that Inconel Alloy 718 can be machined using AWJT as it is the case with conventional machining.
